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Abstract
Major Depressive Disorder (MDD) is a highly debilitating and common psychiatric disorder that
affects over 250 million people globally; it is among the most financially and emotionally
burdensome illnesses in the world. Currently approved antidepressants are suboptimal in their
efficacy and latency of therapeutic action. In contrast, single administrations of sub-anesthetic
ketamine have been shown to rapidly alleviate depressive symptoms within hours, even in
treatment-resistant patients. Ketamine is believed to exert these effects by increasing glutamatemediated neurotransmission and promoting rapid neurotrophic factor release, restoring the
integrity of neural circuits that are compromised in depression. However, uncertainty
surrounding its specific antidepressant mechanism of action has stalled distribution of this
promising drug. Here, a chronology of antidepressant treatment advances that preceded the
ketamine discovery is detailed, and current hypotheses for ketamine’s antidepressant mechanism
are critically reviewed to identify the limits of our understanding. Then, a study addressing a
poorly characterized aspect of this mechanism is proposed. The study aims to assess whether
isolated ketamine or its active antidepressant metabolite, (2R,6R)-hydroxynorketamine, differ in
their ability to ameliorate stress-induced depressive phenotypes within the hippocampus of mice,
compared to when they are present in combination. This study will provide insight for ongoing
drug discovery efforts. An improved understanding of how ketamine exerts its effects within the
brain will help foster future therapeutic innovation, which may lighten the ever-increasing
burden of MDD on society.
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CHAPTER 1
Major Depressive Disorder and its Treatment Through History

Depression is Not Simple

Major Depressive Disorder (MDD), also known simply as depression, is among the most
burdensome of all illnesses, accounting for significant disability, morbidity, and mortality
worldwide (WHO 2020). The often chronic and relapsing course of this disorder leads to marked
reductions in overall quality of life. Still, pinpointing exactly what depression is can be
deceptively challenging, for depressive states, including periods of prolonged sadness and
bereavement, are an unavoidable and perfectly ‘normal’ part of the human experience. Indeed, a
life completely free of depression is idealistic. Transitory bouts of depressed mood, especially
those caused by some precipitating external event, are not necessarily indicative of any mental
illness and usually self-resolve without intervention (Proudman et al. 2021). True, clinical
depression denotes a much more debilitating form thereof, one that badly impairs motivation and
causes relationships and life-goals to deteriorate. MDD thus goes far beyond the normal human
experience of sadness. The symptoms of this disorder do not remit when the external cause of
these emotions dissipate, and they are often disproportionate to their cause. In fact, classic severe
states of depression may not have any discernible external cause (Kessler & Bromet 2013).
Though historically believed to be purely ‘mental’ or even spiritual in nature, it has become
recognized in modernity that genetic predispositions and physical alterations to one’s
neurobiology are deeply intertwined with the onset of MDD (Ebert & Bar 2010).

Researchers studying MDD are challenged by the complex nature of the disease, which is
frequently comorbid with other chronic and acute conditions (Belmaker & Agam 2008). There is
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immense variability in disease presentation and symptom profile, which leads to strong
heterogeneity in the effects of treatments (Boku et al. 2017). According to the Diagnostic and
Statistical Manual of Mental Disorders (DSM-5), the primary symptoms of MDD include:
persistent sadness, loss of pleasure in usual activities (anhedonia), apathy and avolition, feelings
of guilt or worthlessness, fatigue, concentration and memory problems, rapid change in appetite
or weight, insomnia or hypersomnia, loss of sex drive, psychomotor retardation, and suicidal
ideation (APA 2013). The combination of symptoms that is experienced differs between patients,
or even between depressive episodes within the same patient, though anhedonia is nearly always
present. Furthermore, the duration and severity of symptoms during a depressive episode are
highly idiosyncratic and may last anywhere from two weeks (the minimum required for formal
MDD diagnosis) to months or even years. The impact of these symptoms can be very intrusive
and far-reaching in a patient’s life. They significantly impair activities of daily living, cognitive
function, interpersonal relationships, employment status and productivity.

Prevalence

In addition to its severity, MDD is also distressingly common. The World Health
Organization labeled depression as a leading cause of disability in the world, with well over 270
million people having received at least one formal diagnosis; countless more cases remain
undiagnosed (WHO 2020; Liu et al. 2020). Depression straddles all genders, ethnicities, races,
and walks of life. However, the distribution of MDD diagnoses is not homogenous. Depression
disproportionately affects women, with the ratio of female to male diagnoses being roughly 2:1;
this relationship has been observed in numerous countries worldwide (Kessler & Bromet 2013).
The most common age demographic to receive a diagnosis is 18-25, though MDD can occur at

5

any age (NIMH 2021). In the United States, individuals with the lowest incomes are twice as
likely to be depressed as those with the highest incomes (Kessler & Bromet 2013, Bailey et al.
2019). Interestingly, though, low socioeconomic status only appears to be a significant risk factor
for MDD within highly developed countries, for rates of depression are higher in industrialized
countries than in the developing world. However, even within developed countries, rates of
MDD are inconsistent, being significantly lower in certain nations (e.g. Japan at 7%) than in
others (e.g. France at 21%; Bailey et al 2019).
Much of the disparity in these numbers can be attributed to sociocultural factors rather
than neurobiological ones. The likelihood of a person seeking clinical help for depression is
swayed by values inculcated into that person through their family, peers, community, society,
and government (Shim et al. 2012). For example, female rates of MDD may appear higher than
rates in males because men are demonstrably more likely to avoid seeking help and leave their
condition untreated (Nolan-Hoeksema 2001; Cunningham et al. 2021). Similarly, poorer
socioeconomic groups generally receive inferior education about mental health issues and are
presented with fewer treatment opportunities, often leading to a more negative prognosis (Bailey
et al 2019).
Regardless of demographic differences, overall rates of depression also appear to be
increasing. The sharpest increases have been seen in young people aged 18-34 (Proudman et al
2021). An obvious contributor is the COVID-19 pandemic, which has caused a drastic spiking in
the diagnosis of mood disorders. Recent data from the Centers for Disease Control and
Prevention show that the US prevalence of MDD has increased substantially from 7% prepandemic to 27% during the pandemic’s first year, and MDD with anxiety disorders has
increased from 11 to 38% (CDC 2021). However, the pandemic merely exacerbated a trend that
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already existed, for depression rates were seeing spikes before Sars-CoV-2 emerged (CDC
2019). Another contributing factor could be the increased usage of the internet and social media
in recent years, which has been correlated with damaged self-esteem and reduced selfsatisfaction in children and adolescents, potentially explaining the spiking of MDD in these age
groups (Keles et al. 2020; Cunningham et al. 2021). The current pandemic and internet usage are
only two highly visible examples-- sociocultural factors influencing depression are complex and
far too varied to exhaustively describe.
The public health implications of depression are alarming. MDD has been associated
with increased risk and severity of numerous medical conditions, lowered productivity, and an
elevated risk of early death. A lack of effective treatment can lead to negative coping strategies
like substance abuse, self-harm and self-mutilation, and at worst, attempted or completed suicide
(Riggs & Gould 2021). The emotional burden of this disease severely affects patients and
reverberates outwardly into their loved ones and peers. Furthermore, MDD is extremely costly.
Even pre-pandemic, the National Survey on Drug Use and Health (NSDUH) estimated that the
incremental economic burden of adults with MDD sat at roughly 326.2 billion dollars per year
(Greenberg et al 2021). This total was derived from the collation of direct costs (e.g. medical
bills, drug prescriptions), suicide-related costs (e.g. hospital bills, funerals), and workplace costs
(e.g. loss of job productivity). Individuals with severe MDD cost employers approximately
double in health care expenses, are more likely to file for disability or be unemployed, and
missed approximately 13.7 more work hours per month compared to healthy individuals
(Birnbaum et al., 2010).
Altogether, the burdens of MDD are both severe and highly prevalent. The treatment of
this disorder is thus one of the most urgent clinical priorities that we face today. Unfortunately,
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the growth of our treatment methods over time has been slow, mainly due to the fact that our
understanding of depressive pathophysiology is incomplete and does not provide the strong
empirical foundation upon which tangible treatment advances critically rely. An overemphasis
on incomplete mechanistic hypotheses of antidepressant action has caused progress to lag in
recent decades (Riggs & Gould 2021). While a number of demonstrable risk factors have been
identified, the etiology of depression remains elusive, and there is a glaring lack of consensus
regarding its neurological and psychosocial underpinnings. MDD’s etiology is obfuscated by the
heterogeneity of its clinical presentation, disease course, and response to treatment (Mikulska et
al. 2021). To better grasp how future antidepressant therapies can address the shortcomings of
those currently administered, it is important to first lay out how our understanding of MDD has
evolved through time.

Etiological History

Though depression has been acknowledged in art, literature, and philosophy since
antiquity, early explanations for it were typically mystical rather than physiological. Mental
illness was thought to be supernatural in origin, caused by evil spirits, demonic possession,
punishment for sins, or similar non-scientific or pseudoscientific phenomena. ‘Treatment’ for
such ailments consisted of exorcisms and other equivalent spiritual catharses, performed by
priests rather than physicians (Kendler 2020). Medicinally, a primitive solution was found in
trepanation, a surgical procedure where burr holes were drilled in the skull, perhaps as a means
of allowing some evil to be released (Faria 2013). Though the practice of trepanation was
discontinued in developed nations (except for niche surgical applications), the idea that mental
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illness was essentially a spiritual or moral problem appears to have dominated for thousands of
years.

Things began to change in the late 19 th century, facilitated by the advent of psychiatry
and the disease entity model, which led to the discovery of similarities across patients in onset,
manifestations, and course of illness (Kane & Correll 2011). It was German psychiatrist Emil
Kraeplin who first coined the term ‘depressive states’ to describe various forms of melancholia
(Ebert & Bar 2010). He separated depression into two categories: manic depression (today’s
bipolar disorder concept) and dementia praecox (today’s schizophrenia concept). The essences of
his ideas live on in psychiatric discourse today. Unfortunately, though, neurotransmitter-based
models of these concepts were still a half-century away.

Until then, a main form of care for depressed and suicidal patients was
institutionalization, or the sequestering of mentally ill people into closed system psychiatric
prison-hospitals that were removed from society. Patients’ freedoms were stripped and replaced
with monotonous routinization, often in overcrowded and undersupplied facilities with aloof
staff (Chow & Priebe 2013). The electroconvulsive therapies, insulin shock therapies, and frontal
leukotomies/lobotomies popularized at that time reflect our cluelessness about where exactly
mental illness manifested within the brain. Some patients actually responded quite well to
institutional care (which is why psychiatric hospitals remain in use today), but this was
overshadowed by failures on the larger scale. Thankfully, this era was brief.
Deinstitutionalization occurred after WW2 due to infeasible burdens on the welfare state, the
burgeoning civil rights movement, and, most importantly, milestone developments in
antidepressant drugs (Chow & Priebe 2013).
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The Genesis of the Monoamine Hypothesis
In the late 1940’s, the indole alkaloid reserpine, isolated from Rauvolfia serpentia as a
treatment for hypertension, was noticed to cause a strong blunting of affect in many patients. It
essentially precipitated depressive symptoms in previously healthy people (Muller et al. 1955).
We soon learned that this is due to reserpine’s ability to deplete catecholamine and monoamine
transmitters from sympathetic nerve endings (Hillhouse & Porter 2015). This is accomplished by
its binding to vesicular uptake transporters VMAT1 and VMAT2, which package amines like
norepinephrine (NE), dopamine (DA), and serotonin (5-HT) into synaptic vesicles. Their
blockage serves to decrease the size of releasable neurotransmitter pools, which consequently
decreases the amplitude of signal communication across synapses (Miyamoto et al. 2012). The
result is a global tranquilizing effect on brain and body. Interestingly, reserpine’s side effects
were highly resemblant of depressive symptomology. This led to the prolific realization that
depression itself might be caused by the depletion of these aminergic transmitters (Kirshner
1962; Shore et al. 1957; Shore et al. 1955).

Right around this same time, in 1952, the tuberculosis drug isoniazid was serendipitously
found to have mood elevating properties (Ramachandraih et al. 2011). Its derivative, iproniazid,
was then shown to be capable of improving a variety of MDD symptoms, as well as ‘reversing’
many of the depressive effects of reserpine (Pletscher 1991). The mechanism responsible for this
was the inhibition of monoamine oxidase, which slowed the breakdown of monoamine
transmitters, thereby increasing serotonin, norepinephrine, and dopamine transmission in the
synapse (Lopez-Munos et al. 2007; Mafioletti et al. 2020). Contemporaneously, Swiss
psychiatrist Roland Kuhn discovered the antidepressant properties of compound G22355 while
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searching for derivatives of chlorpromazine that could deliver similar antipsychotic effects
(Kuhn 1957; Brown & Rosdolsky 2015). This tricyclic drug, which would later be called
imipramine, seemed to attenuate many depressive symptoms by blocking the SERT and NET
transporters, again increasing the duration of monoamine action within synapses (Brown &
Rosdolsky 2015). Combined with the concurrent discoveries about depression through reserpine,
depression itself became perceived as a disorder of monoaminergic transmission. The subsequent
distribution of iproniazid and imipramine as the first officially marketed antidepressants saw
promising results, at least in juxtaposition to other treatments available at the time (Mafioletti et
al. 2020). By this point, there was compelling evidence that deficiencies in levels of 5-HT, NE,
and DA within diffuse brain regions were the underlying cause of MDD, and that rescuing these
deficits through antidepressant drugs were sufficient to ‘fix’ the maladaptive behavioral changes
caused by the deficiencies (Boku et al. 2018). Thusly, the focus of psychiatrists began to shift
from a psychodynamic to a biological basis for depression (Pletscher 1991).

Monoamine Antidepressants and Their Shortcomings

Over the next few decades, the monoamine hypothesis would quickly become cemented
as the most classically accepted theory regarding the pathoetiology of MDD, with particular
emphasis placed on 5-HT (Boku et al. 2018). Diffuse modulatory serotonergic pathways
originate in the Raphe nucleus and influence diverse functions in both brain and body. 5-HT
transmission is heavily interactive on conscious perceptions of pain, eating, sleeping, and mood,
all of which are known to be disturbed in MDD (Mafioletti et al. 2020; Hirschfield 2000). A
deficiency of 5-HT could therefore explain many of depression’s symptoms. It could also explain
why depression has such a diverse constellation of symptoms (5-HT influence is pervasive). In
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fact, we have evidence of this, for inhibition of the 5-HT biosynthetic precursor tryptophan
hydroxylase by PCPA causes rats to elicit depressive symptoms (Ellison & Bresler 1974).
Furthermore, reduced cerebrospinal concentrations of the proprietary NE and 5-HT metabolites
(6-fluoronorepinephrine and 5-hydroxyindoleacetic acid) have been found in depressed patients,
especially in suicide victims (Barton 2008; Cowen 2001).
NE’s role in depression is less clear, though a correlation is now known to exist between
antidepressant drug efficacy and stronger downregulation of NE β-receptors (meaning NE
transmission has increased in the antidepressant’s presence; Esler et al. 1982). Since NE
transmission helps modulate arousal, attention, memory, reward, and motivation, deficiencies of
NE could explain some elements of depressive pathology (Moret & Briley 2011; Delgado &
Moreno 2000). Likewise, reductions in DA transmission could at least partially explain why
anhedonia and avolition are characteristic of MDD (Tye et al. 2013, Belujon & Grace 2017). The
ability of MAOIs to block DA breakdown may therefore contribute to their antidepressant
properties (Tekes et al. 1988). Taken together, it is no surprise that monoamine transmission has
been so strongly implicated in MDD’s pathology, and why nearly all antidepressant drugs focus
their action on them.
Several classes of antidepressants have been widely distributed to date, all of which
primarily aim to increase monoamine transmission. After the relative success of iproniazid, many
other MAOIs were developed (e.g. phenelzine; Lopez-Munos et al. 2007). To reiterate, MAOIs
inhibit monoamine oxidase, slowing breakdown of monoamines, thereby increasing 5-HT, NE,
& DA transmission in the synapse. Since MAOIs primarily act on MAOA, they inevitably also
bind to MAOA in the liver, leading to hepatotoxic tyramine buildup and significant dietary
restrictions (Hillhouse & Porter 2015; Ramachandraih et al. 2011). In addition, more tricyclic
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antidepressants (e.g. desipramine) were developed in the likeness of imipramine. TCAs
attempted to subvert the liver-binding problem of MAOI’s by instead inhibiting CNS-specific
uptake transporters for 5-HT and NE, again leading to extended synaptic action of monoamines
(Lopez-Munos et al. 2007). Though TCAs successfully reduced hepatotoxicity, they did it by
substituting one problem for several others. TCAs collaterally block muscarinic acetylcholine
receptors, as well as adrenergic α-1 receptors and histamine H1 receptors (Otte et al. 2016).
TCAs thus had an even lower margin of safety than MAOIs in addition to diverse side effects
and extensive drug-drug interactions (Ramachandraih et al. 2011).

Attempts to address these shortcomings in later decades gave rise to a second generation
of antidepressants that, while not more effective per se, have narrower side effect profiles and a
wider margin of safety (Butler & Meegan 2008). Serotonin-Norepinephrine Reuptake Inhibitors
(SNRIs) and Selective Serotonin Reuptake Inhibitors (SSRIs) are the pinnacle of these (e.g.
duloxetine and fluoxetine, respectively; Connelly & Thase 2012). SNRIs work in a manner
reminiscent of TCAs but with lower affinity for receptors outside their targets, improving their
tolerability (Hillhouse & Porter 2015; Ramachandraih et al. 2011). The SSRIs strayed from 5HT/NE dual action, selectively blocking the SERT presynaptic transporter, increasing synaptic
concentrations of 5-HT only (Thase 2008). Even newer antidepressants within the second
generation include Serotonin Antagonists and Reuptake Inhibitors (SARIs) such as trazodone,
Noradrenergic and Specific Serotonergic Antidepressants (NaSSA) such as mirtazapine,
catecholamine releasers such as bupropion, and triple reuptake inhibitors like venlafaxine (Chang
& Fava 2010; Connelly & Thase 2010).

13

Though it is undeniable that the safety, tolerability, and side effect profiles of
antidepressant drugs have improved significantly in the last fifty years, a glaring issue remains:
the efficacy of monoamine antidepressants is not increasing (e.g. Thase 2008; Jacobsen et al.
2012). Only 60-70% of MDD patients experience clinically significant symptom relief with
currently available antidepressants, and this includes patients that may require up to four
different treatment steps after failing to respond to first-line medications (Connelly & Thase
2010; Rush et al. 2006). In fact, only one-third of patients appear to respond fully to current
pharmacotherapies; large clinical trials have shown that half of patients fail to experience at least
a 50% reduction in depressive symptoms, even after 12-14 weeks of treatment (e.g. Jakobsen et
al. 2017). The relapse of symptoms is also common if the drug’s administration is altered or
abandoned—sustained remission of depressive symptoms in the long term is rare (Chang & Fava
2010; Abdallah et al. 2016).

Furthermore, patients that do experience remission of depressive symptoms from
antidepressants usually take weeks or even months to do so (Jakobsen et al. 2017; Katz et al.
2004). This latency of onset is well-documented and represents an immense obstacle for the
success of currently administered antidepressants. Dropout rates are typically high during clinical
trials as patients become frustrated or disheartened by the delays (Rush et al. 2006). The latency
can also be dangerous for MDD patients with imminent risk of self-harm or suicide (Belujon &
Grace 2017). The high latency and inconsistency is made worse by the fact that even the most
successful antidepressants still have side effect profiles harmful enough to render them
intolerable to a significant fraction of patients (Jakobsen et al. 2017; Crawford et al. 2014).
SSRIs like fluoxetine cause various side effects (e.g. nausea, insomnia, sexual dysfunction,
restlessness, dizziness) as a consequence of altering 5-HT transmission (Jacobsen et al. 2012;
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Belujon & Grace 2017). This contributes to clinical dropout rates; many patients cannot justify a
life-altering constellation of side effects just to experience only a modest or partial reduction in
their depressive symptoms (Crawford et al. 2014; Hirschfield 2000).

Overall, there is a paucity of convincing evidence for the monoamine hypothesis, which
relies on the assumption that monoamines have a primary, causative role in the etiology of MDD
(Heninger et al. 1996). Predictions that arise from this hypothesis are that (a) a reduction in
monoamines increases depression susceptibility; (b) the extent of that reduction is proportional to
the severity of depressive symptoms; (c) antidepressant response is contingent upon, and mirrors
the time course of, monoamine restoration; and (d) symptom relapse is due to the recurrence of a
monoamine deficit (Hirschfield 2000; Jacobsen et al. 2012; Riggs & Gould 2021). The evidence
in support of these predictions has become exhausted and, as a result, it is generally accepted that
the monoamine hypothesis cannot fully explain depression symptomatology, nor can it foster the
development of treatments that will be universally effective (Heninger et al. 1996; Hirschfeld
2000; Belmaker & Agam 2008).

Statement of the Problem

Depression therapeutics were basically nonexistent when the antidepressant effects of
iproniazid were discovered half a century ago. Unfortunately, the individual and societal impacts
of depression have since been managed using medications with suboptimal efficacy, high latency
of therapeutic action, and side effects significant enough to cause high rates of treatment
discontinuation (Riggs & Gould 2021). This situation is, in part, a direct result of depression
being poorly understood at the level of its etiology, pathophysiology, and clinical manifestation.
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The lack of understanding has prevented us from discovering an ‘ideal’ antidepressant
that attenuates MDD symptoms in a supermajority of patients with the smallest side effect profile
necessary to achieve that effect (Heninger et al. 1996). Though many depressed patients display
aberrant monoaminergic signaling, a sizable minority do not; they consequently fail to
experience significant remission of symptoms when these transmitters are targeted by
antidepressant drugs (Belmaker & Agam 2008; Heninger 1996). Thus, while monoamines are
certainly a core aspect of depressive pathology, they do not describe the full picture, and
treatments that focus on them are inadequate en bloc (Hirschfield 2000). Until the lesser known,
monoaminergic-independent aspects of MDD’s pathology are better understood, our progress in
treating the disorder will continue to stagnate. All the while, MDD continues to become more
financially and emotionally burdensome on society with each passing year (Greenberg et al.
2021, Birnbaum et al. 2010). There is a pressing need to develop new, faster acting, more
universally effective pharmacological approaches to treat depression, particularly for patients
who are unresponsive to traditional antidepressants. Thankfully, modern research has revealed
several monoamine-independent aspects of MDD pathology that provide footholds for novel
treatment methods.
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CHAPTER 2
Glutamate and Chronic Stress: A Contemporary MDD Framework

Chronic Stress on Depression

Research in recent decades has demonstrated that MDD emerges from a complex
interaction of genetic and environmental factors (Jafee & Price 2007; Uher 2014). Among the
most notable of these environmental factors is exposure to chronic stress, which may induce
maladaptive structural changes in the brain that underlie depressive pathology. The chronic stress
model for depression is well documented (e.g. Han and Nestler 2017; McEwen & Akil 2020;
Tornese et al. 2019). It posits that the etiopathogenesis of MDD can be explained through
alterations in stress hormone patterns, particularly a hyperactivity of the hypothalamic-pituitaryadrenal (HPA) axis.

The HPA axis is built into the body as a system for managing stress and maintaining
homeostasis. Upon perceiving a stress-inducing stimulus, the hypothalamus uses corticotropin
releasing hormone to stimulate adrenocorticotropic hormone release out of the anterior pituitary,
which in turn stimulates the adrenal cortex to release glucocorticoids, such as cortisol, into the
blood (Mikulska et al. 2021). Glucocorticoids induce various physiological changes (e.g.
augmenting the amount of glucose available to muscles) to temporarily enhance fight-or-flight
responses to life-threatening stimuli (Jacobson 2005). These changes improve the probability of
survival. Glucocorticoids then negatively feedback to the brain by inhibiting hypothalamic and
hippocampal neurons, terminating their own release once the stressor has subsided (Joseph &
Whirledge 2017).
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The HPA axis evolved to briefly enhance performance in acute and urgent situations (e.g.
running from a predator), and has been conserved across many species due to its benefits
(Sapolsky 1994). Unfortunately, though, the stresses of modern life differ greatly from those
faced by ancestral humans; the HPA axis was not designed to accommodate the long-term
emotional, occupational, and existential stressors faced by people today (Sapolsky 1994).
Internalized, abstract stressors activate the HPA axis all the same, but differ from acute
environmental stressors in the sense that they may persist relentlessly. If stress persists, HPA
signaling may become dysfunctional in individuals genetically vulnerable to the adverse effects
of chronic stress (Tornese et al. 2019). Downregulation of the brain’s negative feedback
mechanisms cause glucocorticoid levels to remain protracted in the blood (rather than selfattenuating), where they are free to exert unsavory effects on the CNS (Jospeh & Whirledge
2017). Long term, these include hippocampal cell atrophy and dendritic spine reduction,
immunodeficiency, forebrain desynchronization, impaired hippocampal and frontal
neurogenesis, and neurotransmitter deficiencies (Mikulska et al. 2021; Tornese et al. 2019;
Andres et al. 2013). Given these effects, it is no mystery why chronic stress has become
recognized as an undercarriage of depressive pathology: nearly all systems compromised by
chronic stress are also compromised in MDD. In fact, we know that MDD correlates with HPA
axis dysfunction because depressed patients lack normal cortisol suppression when other
glucocorticoids such as dexamethasone are administered (Dogra 2021).

Summed together, chronic stress results in numerous maladaptive structural changes
within the brain that may underlie depressive pathology. Deficits of monoaminergic signaling are
among these changes and have received the most attention because they contribute the most
outwardly visible affective symptoms of MDD (Riggs & Gould 2021). The recent promulgation
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of this fact has changed our understanding of how depression develops. While it is very much
clear that monoamines are involved in the behavioral and affective domains of depression, they
primarily serve a neuromodulatory role, impinging on other physiological processes that are
more etiologically relevant in the onset of depression, rather than themselves being the cause
(Heninger et al. 1996, Hirschfeld 2000, Lee & Han 2019). There are adverse effects of chronic
stress (i.e. reduced synaptic plasticity) whose contributions to depressive symptomology are less
obvious, and have received little to no attention until recent years (Mikulska et al. 2021; Tornese
et al. 2019; Andres et al. 2013). Shifting the focus of antidepressant drug action towards other
systems compromised by chronic stress may be essential for addressing the shortcomings of
current treatment methods. Thankfully, several drugs that accomplish this have already been
identified, some of which show great promise (Murough et al. 2017). The most emblematic of
these is none other than ketamine.

Ketamine as a Novel Antidepressant

Ketamine is a dissociative anesthetic derived from phencyclidine. It was first synthesized
to reduce the severity of postanesthetic emergence delirium while simultaneously minimizing
length of anesthetic action (Domino et al. 1965). Though not by design, ketamine dosedependently enhances sympathetic processes that modify cardiovascular function, potentially
causing hypertension and tachycardia (Zanos et al. 2018a). Early on, it was believed that
ketamine exerts these sympathomimetic effects by inhibiting reuptake of NE in a manner similar
to TCAs (Liebe et al. 2017, Miletich et al. 1973). While it was later discovered that ketamine has
little to no affinity for monoamine transporters (Can et al. 2016), this initial hypothesis led Sofia
& Harakal (1975) to test whether these secondary sympathomimetic effects confer ketamine with
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any preclinical antidepressant properties. They found that orally administered ketamine appeared
moderately capable of reversing reserpine-induced hypothermia in rats, but that such actions
were relatively unimpressive compared to those of imipramine (Sofia & Harakal 1975). So,
despite preliminary evidence that subanesthetic doses of ketamine could facilitate psychotherapy
and alleviate depressive symptoms, projects investigating its antidepressant potential were
shelved for the time being (Khorramzadeh & Lotfy 1973).
The failure of researchers to recognize ketamine’s potential fifty years ago is
understandable given how different the proposed mechanisms for MDD were at that time, all of
which assumed that an increase in monoamine release was necessary and sufficient for
antidepressant action (Domino 2010). Antidepressant efficacy was thus defined as the extent to
which a compound could reverse the physiological effects of monoamine depletion. Since
ketamine was found to possess poor affinity for monoamine transporters, its candidacy for
antidepressant use was rescinded (Can et al. 2016). It would be some years before ketamine’s use
as an antidepressant would be revisited. Until then, it slowly gained notoriety amongst laymen,
law enforcement, and policymakers as a recreational ‘club drug’ due to its euphoric effects,
ability to modulate sensory perception, and psychotomimetic properties at high doses (Zanos et
al. 2018a). This reputation as a drug of abuse earned ketamine (as well as its salts and isomers)
illegality status as a Schedule III controlled substance (U.S. Department of Justice 1999), which
appears to have overshadowed many anecdotal hints that subanesthetic doses of ketamine can
attenuate symptoms of depression with efficacy possibly exceeding that of SSRIs (Domino
2010).
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Luckily, ketamine’s antidepressant effects were eventually re-examined after in a doubleblind, placebo-controlled, clinical trial conducted by Berman et al. (2000). They revealed
conclusively that ketamine alleviated depressive symptoms in a modest sample of seven patients.
When a subanesthetic dose of ketamine (0.5 mg/kg) was intravenously infused over a fortyminute period, depression rating scores reduced significantly within 4 hours—a rapid effect that
lasted for up to 3 days post-administration (Berman et al. 2000). They also demonstrated that the
psychotomimetic effects of ketamine, which occur shortly after infusion, diminish fully by 4
hours post-administration, and are thus temporally separable from the drug’s antidepressant
properties (Berman et al. 2000; Krystal et al. 2019). Not long after, Zarate et al. (2006a) tested
ketamine’s applicability for treatment-resistant MDD patients who, on average, had failed six
prior antidepressant trials. Despite the severity and tenacity of their depressive symptoms,
ketamine restored well-being and behavioral functionality in roughly 70% of treatment-resistant
patients for 7 days, while also significantly outperforming other anesthetic controls under
blinded conditions (Zarate et al. 2006a; Murrough et al. 2013). Many more subsequent studies
would corroborate these promising claims (for review, see Kryst et al. 2020). Soon, the sustained
and rapid antidepressant effects of ketamine would become undeniable, sparking great interest in
recent years about ketamine’s mechanism of action-- a topic that is still actively debated today.

Ketamine on Glutamatergic Transmission
Roughly 20 years after ketamine’s synthesis, it was discovered that it acts as a
noncompetitive N-Methyl-D-Aspartate receptor (NMDAR) antagonist (Lodge et al. 1983; Anis
et al. 1983). NMDARs, along with 3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors
(AMPARs) and kainate receptors, are the proprietary ionotropic receptors for glutamate.
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Glutamate is the principal excitatory mediator in the CNS, both in terms of abundance and
importance—its signaling is crucial for information processing, learning and memory, and
neuronal plasticity (Murrough et al. 2017). The discovery of ketamine’s binding target turned the
attention of many researchers away from monoamines toward the glutamate system. A graphical
overview of glutamatergic signaling is shown in Figure 1.

Figure 1. Overview of glutamatergic transmission. Glutamate is synthesized from glutamine by
glutaminase. It is packaged into presynaptic vesicles and released alongside other compounds
such as glycine. Once released, glutamate binds to post-synaptic AMPARs, NMDARs, kainite
receptors, and mGluR1/5. NMDAR-induced calcium influx stimulates neurotrophin synthesis
and release. Released BDNF binds to TrkB, consequently activating synaptogenic signaling
pathways such as MAPK and PI3K, leading to upregulated translation of proteins associated with
cell survival and neuronal growth. Glutamate is recycled with the help of glia (astrocytes) that
uptake glutamate, reconvert it to glutamine, and transport it back to the presynaptic terminal for
re-conversion to glutamate. Glutamate release is terminated through action of mGluR2/3
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autoreceptors, which work in tandem with glial Xc- antiporters to regulate glutamate
concentrations in the synapse (Murrough et al. 2017; Duman et al. 2016; Duman & Monteggia
2006; Banasr et al. 2010; Sanacora et al. 2008; Papouin & Oliet 2014; Hardingham & Bading
2010)

NMDARs are ligand-gated, ion channel receptors which exist as heterotetramers. Seven
different receptor subunits have been identified: GluN1, GluN2A, GluN2B, GluN2C, GluN2D,
GluN3A and GluN3B (Vyklicky et al. 2014). NMDAR activation requires concurrent binding of
L-glutamate and glycine/D-serine at the GluN2 and GluN1 subunits, respectively (Zanos &
Gould 2018). NMDARs differ from other ionotropic glutamate receptors in that their calcium
permeability is ten-fold higher than that of other cations, and four-fold higher than that of
calcium-permeable AMPARs (Traynelis et al. 2010). Furthermore, NMDARs are more sensitive
to glutamate binding than AMPARs (EC50 = 0.5–3 versus 3–560 μM, respectively) and take
longer to desensitize after being activated (τ = 59–2,000 versus 1–10 ms, respectively; Traynelis
et al. 2010). These biochemical properties make the NMDAR a vital transducer of intracellular
Ca2+, which acts as a second messenger to modulate the efficacy of synaptic transmission, as
well as many other cellular processes (Sanacora et al. 2008). While prolonged elevations of
intracellular calcium are known to be excitotoxic, extracellular Mg2+ counteracts calciumdependent excitotoxicity by occluding the NMDA channel pore at negative membrane potentials
(Riggs & Gould 2021). The blockage of the channel by magnesium confers NMDARs with a
high voltage-dependence for activation; AMPARs must be successively activated to sufficiently
depolarize the membrane before NMDARs can themselves activate and pass further ionic current
(Sanacora et al. 2008). In this way, NMDARs are known to function as ‘coincidence detectors’-they amplify excitatory transmission for converging inputs (Murrough et al. 2017).
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Ketamine is a use-dependent open channel blocker that competes with magnesium to
bind deep within the channel pore, where it remains bound when the receptor transitions to a
closed conformation (Riggs & Gould 2021; Glasgow et al. 2018). The result is an antagonistic
blockage of the NMDA channel without opportunity for voltage-dependent removal. Ketamine
also interacts with opioid and cholinergic receptors, although the contribution of these NMDARindependent actions to ketamine’s overall mechanism remains unclear (Murrough et al. 2017).
Furthermore, while the biophysical action of ketamine on NMDA is relatively wellcharacterized, its downstream effects, and the way that ketamine binding results in altered mood
states, is still very much disagreed upon. A variety of putative models have been proposed and
will be shortly discussed herein. Despite any differences in their means, however, nearly all of
them reach the same end: enhanced synaptic plasticity.

Synaptic Plasticity and MDD

Glutamate and its receptors have been highlighted in the molecular mechanisms of
synaptic plasticity that underlie learning and memory. Models such as Long-Term Potentiation
are very well characterized (e.g. Cole et al 1989; Sanacora et al. 2008; Murrough et al. 2017).
NMDAR signaling promotes cell survival and neurotrophic functions or, conversely, can activate
cell death pathways, depending on the timing of receptor activation, the location of the receptor,
and the cellular and extracellular environment at the time of activation (Andres et al. 2013;
Hardingham et al. 2002; Stanika et al. 2009; Papouin & Oliet 2014). Moderate levels of
NMDAR activation stimulate neuroprotective signaling pathways, such as the RAS–mitogenactivated protein kinase (RAS–MAPK) pathway and the cAMP-responsive element-binding
protein (CREB) pathway, both of which mediate induction of genes pertaining to cell survival
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(Murrough et al. 2017). In particular, CREB promotes the expression of brain-derived
neurotrophic factor (BDNF), which plays an essential role in neuroprotective, neuroplastic, and
neurotrophic processes that are demonstrably altered in stress and mood disorders (Krishnan &
Nestler 2008; Krishnan & Monteggia 2006; Tornese et al. 2019). By contrast, abnormally
elevated or inappropriate NMDAR signaling leads to deleterious effects on neurons
(Hardingham et al. 2010).
The realization that ketamine’s antidepressant properties are glutamatergic, rather than
monoaminergic, marked a pivotal turning point in our understanding of what depression is
(Riggs & Gould 2021). Dysfunctions of the glutamate system (i.e. those caused by chronic
stress) have thus become integral in modern explanations for the etiopathogenesis of MDD
(Duman et al. 2016; Musazzi et al. 2013; Sanacora et al. 2012). Neuroimaging studies on
depressed brains consistently report volume and connectivity abnormalities in corticolimbic
areas such as the hippocampus (HPC), prefrontal cortex (PFC), and amygdala, where
glutamatergic synapses dominate (Autry & Monteggia 2012). Furthermore, various pre-clinical
studies with stress-based animal models of MDD have confirmed that dendritic
atrophy/remodeling occurs in the same brain regions altered in humans, suggesting that stressinduced maladaptive changes are very consequential in the chain of cellular events underlying
the onset of depressive symptoms (e.g. Autry and Monteggia 2012; Krishnan and Nestler 2008;
McEwen 2017; Sanacora et al. 2012).

By altering glutamate release and uptake, chronic stress damages the cortex and
hippocampus through several known pathways: (a) diminishing synapse density and diameter;
(b) reducing AMPAR and NMDAR availability; (c) deteriorating and/or destabilizing dendritic
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spines; (d) reducing dendritic arborization (for review, see Popoli et al. 2011). Several of these
changes may be explained through a decline in extracellular glutamate clearance by glial cells
(Murrough et al. 2017). Glia are vital for glutaminergic regulation, and may therefore factor into
the cellular basis of depression (Sanacora & Banasr 2013). In health, astrocytes clear glutamate
from the synapse using excitatory amino acid transporters (EAATs); metabolize glutamate to
glutamine; release the NMDAR co-agonist d-serine; release trophic factors; and express group I
and group II metabotropic mGluR receptors (Ongur et al. 1998; Banasr et al. 2010). These glial
actions are demonstrably interrupted during MDD. Studies have suggested that elevated glial
death occurs in the cortices of MDD patients (Sanacora & Banasr 2013), and that chronic stress
may therefore lead to depression by impairing cortical astrocytes (Banasr et. al 2010; Mikulska
et al. 2021).
The stress-induced death of glia responsible for glutamate/glutamine cycling may result
in elevated extrasynaptic glutamate concentrations (Krystal et al. 2013). A somewhat
counterintuitive consequence of this increase may actually be the downstream suppression of
glutamatergic signaling through activation of metabotropic glutamate receptor 2 (mGluR2)
autoreceptors. (Zanos et al. 2018). The result is a deficit of glutamate transmission in brain areas
responsible for mood regulation, pleasure and reward, concentration and memory, and various
physiological processes. Not coincidentally, all of these adverse outcomes are symptoms of
MDD. In addition to this, chronic stress appears to activate extrasynaptic NR2B-containing
NMDARs, contributing to synaptic loss and further cell death through the triggering of apoptotic
pathways (Murrough et al. 2017). Furthermore, synapse loss from NR2B may compound with
damage caused by calpain-2: a calcium-dependent protease known to rapidly atrophy dendritic
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spines when recruited by the co-action of stress hormones and NMDARs (Wang et al. 2020;
Andres et al. 2013).

Summed together, the net effects of chronic stress are multitudinous. Among them are
disruptions in cellular signaling, glial death, destabilized dendritic spine dynamics, and
diminished cellular resilience within brain circuits that are crucial for mood regulation (for
review, see Kempton et al. 2011). These microstructural and molecular changes are believed to
underlie several gross abnormalities that have been found in the brains of MDD patients, such as
atypical glutamate signaling, altered functional connectivity within corticolimbic networks, and
reduced overall brain volume (Manji et al. 2003; Kempton et al. 2011; Andres et al. 2013;
Duman et al. 2016). Altogether, a consensus has been reached that maladaptive structural
changes induced by chronic stress are sufficient to explain many aspects of depressive
symptomology (for review, see Mikulska et al. 2021).

Where the Consensus Ends
A great deal of progress on MDD has been made during the 21st century. The monoamine
hypothesis has evolved into more contemporary models emphasizing chronic stress. With these
new models have come targets for new putative antidepressants, such as ketamine, that appear
capable of addressing many shortcomings of those previously administered. The discovery of
ketamine’s potential has been hailed by some as the most valuable psychiatric discovery in sixty
years (e.g. Duman 2018). However, at this point the ceiling of our knowledge is scraped.

The (S)-Ketamine stereoisomer (Spravato) was approved by the FDA in 2019 and is
currently used as a second-line treatment (under highly controlled conditions) for patients with
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imminent suicide risk (Riggs & Gould 2021). Still, ketamine’s other salts and enantiomers have
not received any widespread distribution, even though its impressive antidepressant properties
have been recognized for two decades. Why is this? The reasons are multifaceted. For one,
ketamine’s reputation precedes it in discussions with law and policymakers; the recreational
stigma it acquired before its clinical potential was recognized has not gone away, making the
legitimization of its use divisive (Corriger & Pickering 2019). Ketamine also has welldocumented abuse potential (Caddy et al. 2015). Furthermore, it has several short-term side
effects (e.g. elevated blood pressure, elevated heartrate, dizziness, dissociation, altered sensory
processing), as well as long-term adverse effects that are not well documented, both of which
beget skepticism toward ketamine’s mainstream viability (Riggs & Gould 2021; Caddy et al.
2015). Though it is improbable that these drawbacks will subvert its usefulness (the
antidepressant potential of ketamine is immense and urgently needed), the drug’s imperfections
have made private companies tentative to offer funding for further research and FDA
applications.

Arguably the biggest obstacle for ketamine distribution, however, is the fact that its
antidepressant mechanism remains elusive. Ketamine’s antidepressant properties are nearly
doubtless, but no consensus has been reached about how exactly ketamine goes about instigating
these changes. Many models have been suggested yet none have been able to fully lift the ‘black
box’ and settle the debate. Until there is more clarity surrounding ketamine’s antidepressant
mechanism, the drug will fail to gain the momentum it needs to modernize antidepressant
therapies at a large scale. For this reason, a review of postulated models for ketamine’s action
will now be detailed. Afterwards, a study will be proposed that may help fill gaps in our
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understanding of ketamine’s mechanism, further illuminating whether ketamine is truly viable as
a mainstream antidepressant.
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CHAPTER 3
Putative Mechanisms for Ketamine’s Antidepressant Action

Ketamine Has Multiple Downstream Targets
Part of the difficulty in determining ketamine’s mechanism of action is that no singular
pathway appears to be entirely responsible for its antidepressant properties (Zanos & Gould
2018). Current literature has identified multiple downstream targets for ketamine’s
antidepressant action, all of which are empirically supported. These pre-clinically demonstrated
mechanisms of ketamine are not mutually exclusive and may act in concert to effect behavioral
changes. Furthermore, the antidepressant and anesthetic properties may be functionally separable
and occur via different mechanisms (Riggs & Gould 2021).
The antidepressant effects of ketamine probably emerge from a cascade of downstream
events independent of ketamine’s NMDAR antagonism. We can infer this because other
NMDAR antagonists (e.g. memantine, lanicemine, nitrous oxide) fail to exert consistent
antidepressant effects in clinical trials (Newport et al. 2015). Furthermore, after Kishimoto et al.
(2016) performed a meta-analysis of single-infusion non-ketamine NMDAR antagonists, such as
traxoprodil and rapastinel (GLYX-13), they found much smaller effect sizes in reduction of
depression symptoms compared to ketamine. It is therefore likely that ketamine’s mechanism
involves downstream targets, especially considering that it is metabolized within hours, yet it
demonstrates antidepressant effects lasting days to weeks (Matveychuk et al. 2020).

The NMDA Disinhibition Hypothesis

40

The antagonism of NMDARs should, intuitively, reduce excitatory transmission.
However, a compelling body of evidence suggests that ketamine remedies glutamatergic MDD
symptoms by increasing glutamate signaling. This hypothesis stemmed from Moghaddam et al.
(1997), who showed that ketamine evoked transient, dose-dependent increases in the
concentration of extrasynaptic glutamate within the medial PFC. Ergo, a single administration of
ketamine led to net increases in cortical excitation that balanced out the glutamatergic deficits
caused by chronic stress (Duman et al. 2016; Musazzi et al. 2013; Sanacora et al. 2012).
Moghaddam et al. explained their counterintuitive results by suggesting that ketamine
preferentially attenuates inhibitory tonal activity that impinges on many excitatory (pyramidal)
neurons within the cortex. This occurs because fast-spiking inhibitory interneurons are normally
active, which places cortical pyramidal neurons in a state of functional quiescence (Duman 2014;
Riggs & Gould 2021). In support of this, Zorumski et al. (2016) noted that ketamine has a greater
affinity for NDMA receptors on γ-aminobutyric acid (GABA) interneurons, which suppress the
activity of downstream glutamatergic neurons. Low doses of ketamine may preferentially
antagonize NMDARs on these GABA interneurons over other cells, blocking their inhibitory
action and disinhibiting glutamatergic signaling (Niciu et al. 2014; Li et al. 2010; Matveychuk et
al. 2020).

Consistent with these findings, Homayoun & Moghaddam (2007) showed that the
NMDAR antagonist MK-801 reduces firing in fast-spiking inhibitory interneurons, leading to
surges in cortical pyramidal neuron activity. A similar phenomenon was observed by Widman &
McMahon (2018) in ex vivo hippocampal slice preparations, suggesting that ketamine’s
disinhibition may extend beyond the cortex to subcortical regions involved in mood regulation.

41

Overall, there is evidence that disinhibition of glutamate release by ketamine could rapidly
restore the integrity of synaptic connections compromised in depression.

NMDAR Disinhibition is AMPAR/BDNF/mTORC1-Dependent

The disinhibition hypothesis predicts that the activational balance in the cortex and
hippocampus is acutely shifted toward excitatory AMPAR-dependent transmission under
ketamine’s effect, which could underlie its antidepressant efficacy. Indeed, ketamine may require
AMPAR activity, for its antidepressant effects were abolished in subjects pretreated with
AMPAR antagonists, as shown in Maeng et al. 2008. Activation of AMPARs increases
intracellular calcium, potentiating the release of brain derived neurotrophic factor (BDNF) and
other neurotrophins known to augment synaptic plasticity and neurogenesis (Jourdi et al. 2009).
A great deal of emphasis has been placed on BDNF in recent years; many studies have purported
that it is crucial for ketamine to exert its effects (e.g. Lepack et al. 2016; Li et al. 2010; Liu et al.
2012). For example, subjects with the Val66Met single-nucleotide polymorphism in the BDNF
gene exhibit impairments in BDNF release and mRNA trafficking, nullifying the antidepressant
properties of ketamine when it is administered to them (Liu et al. 2012). The necessity of BDNF
for ketamine to act has been verified in both rodents and humans (Laje et al. 2012; Chen et al.
2019).

BDNF enhances plasticity by binding to tropomyosin receptor kinase B (TrkB), which
recruits intracellular signaling molecules that execute structural changes through several known
pathways: mitogen-activated protein kinase (MAPK), phospholipase Cγ (PLCγ), and
phosphatidylinositol 3-kinase (PI3K; Yoshii et al. 2010; Niciu et al. 2014; Murrough et al. 2017).
A well-characterized example of these molecules is the mammalian target of rapamycin complex
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1 (mTORC1), a component of the PI3K pathway that performs diverse regulatory functions,
playing a role in cell proliferation and the healthy formation of neural circuits (Sun et al. 2016;
Saxton & Sabatini 2017; Costa-Mattioli et al. 2009). Ketamine appears to rapidly increase
mTORC1 signaling by promoting cell growth through action on multiple targets, as
demonstrated by Li et al. (2010). A downstream effector of mTORC1, called the eukaryotic
translation initiation factor 4E–binding protein 2 is reported to evoke a lasting increase in the
efficacy of synaptic transmission (Deyama & Duman 2020; Duman et al. 2021; Aguilar-Valles et
al. 2020). Another target of mTORC1 is p70S6K, whose action has also been implicated in
neuroplasticity (Sun et al. 2016).
The roles of BDNF and mTOR expression in ketamine’s action are further corroborated
by studies from Yang et al. (2012, 2013), who found that BDNF and mTORC1 expression was
upregulated in the rat hippocampus and PFC after ketamine administration. Interestingly, they
also found that pre-treatment with the analgesic tramadol enhanced the antidepressant effects of
ketamine in a forced-swim test through the potentiation of mTOR (Yang et al. 2012). The
upregulation of BDNF and mTOR may be AMPAR-mediated, for when Zhou et al. (2014) pretreated rats with an AMPAR antagonist it decreased levels of BDNF and mTOR and increased
forced-swim test immobility time. Other studies have also reported that ketamine’s
antidepressant potential is abolished when animals are pre-treated with the mTORC1 inhibitor
rapamycin (e.g. Li et al. 2011).
Despite this evidence, the role of mTORC1 in ketamine’s antidepressant action may not
be as clear-cut as previously surmised (Matveychuk et al. 2020). A study by Autry et al. (2011)
found that ketamine administration did not affect mTOR phosphorylation in hippocampal or
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cortical tissue, and that rapamycin failed to abrogate ketamine’s antidepressant effects.
Furthermore, a randomized controlled trial conducted by Abdallah et al. (2018) found that pretreatment with rapamycin actually tripled ketamine’s response rate at 14 days after treatment in
human patients. The authors speculated that rapamycin may have augmented ketamine’s effects
through an mTOR-independent action, such as by suppressing neuroinflammation (Abdallah et
al. 2018).
In sum, ketamine’s preferential blockade of GABAergic interneurons can disinhibit
pyramidal neuron signaling, exerting antidepressant effects by promoting synaptogenesis in an
AMPAR/BDNF/mTORC1-dependent manner (Lepack et al. 2016; Duman et al. 2021; Li et al.
2010; Liu et al. 2012). Ketamine’s ability to affect mood for many days after it is metabolized
may be due to sustained adaptations in the number or function of AMPARs, a common
mechanism by which synaptic plasticity is known to manifest (e.g. Huganir & Nicoll 2013). In
support of this, ketamine increases the expression of AMPARs containing the GluA1 subunit 24
hours after administration (Adaikkan et al. 2018). This suggests that ketamine’s glutamatergic
disinhibition initiates synaptogenic processes that sustainedly increase AMPAR expression,
which might underlie ketamine’s ability to restore the synaptic deficits evoked by chronic stress
(Yamada & Jinno 2019; Zanos et al. 2016; Li et al. 2011). Indeed, longitudinal observations of
cortical dendritic spines by Moda-Sava et al. (2019) have revealed that reduced synaptic integrity
is tied to the emergence of depressive phenotypes in mice. Ketamine might rescue these deficits
through targeted spine remodeling at destabilized synapses (Moda-Sava et al. 2019; Riggs &
Gould 2021; Tornese et al. 2019). Though the exact mechanism is still unclear, AMPA, mTOR,
and especially BDNF all appear to play a role in ketamine’s action.
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Ketamine Upregulates BDNF Independent of Glutamate Disinhibition
While the fact that ketamine upregulates BDNF is mostly agreed upon, some studies
suggest it may go about doing this through a mechanism that does not involve glutamate
disinhibition (Riggs & Gould 2021). For example, Autry et al. (2011) suggested that ketamine
enhances BDNF synthesis by preventing ‘spontaneous’ NMDAR activation. This refers to the
fact that some glutamate is released stochastically from the presynaptic terminal without action
potentials, which prevents the Ca2+/calmodulin-dependent eukaryotic elongation factor 2 kinase
(CaMKII) from inhibiting eEF2 activity, suppressing BDNF synthesis under resting conditions
(Autry et al. 2011; Nosyreva et al. 2013). Ketamine’s acute blockage of NMDARs at rest reduces
eEF2 phosphorylation, thereby increasing rapid translation of target mRNA transcripts, including
AMPAR subunits (Kavalali & Monteggia 2020). This model distinguishes itself from the
disinhibition hypothesis by predicting that ketamine enhances plasticity through blockage of
pyramidal NMDARs, not by triggering activity-dependent BDNF release (Autry et al. 2011;
Riggs & Gould 2021). Interestingly, though, when Yang et al. (2013) studied the response of real
MDD patients to ketamine, they observed surges in both mTOR and eEF2 phosphorylation.
While the increase in mTOR corroborates animal studies, the increase in eEF2 phosphorylation
contradicts the reductions seen in rodent models by Autry et al. (2011).
The uncertainty of the previous model has led to an alternative hypothesis offered by
Miller et al. (2014), who suggest that ketamine selectively inhibits GluN2B-containing
NMDARs that are preferentially activated by ambient glutamate at sites outside of the synapse.
However, there is evidence that ketamine does not functionally inhibit NMDARs with subunitlevel specificity (Dravid et al. 2007; Li et al. 2010; Maeng et al. 2008), and although GluN2B-
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specific antagonists exert preclinical antidepressant-like actions, they fail to display strong
antidepressant effects in clinical studies (for review, see Gould et al. 2019).

The NMDA Inhibition Hypothesis
While glutamatergic hypoactivity has been implicated in depressive pathology for certain
brain areas (e.g. dentate gyrus, which could explain the concentration and memory problems
characteristic of MDD), glutamate signaling is known to be hyperactive in other brain areas (e.g.
the amygdala and lateral habenula (LHb), which could explain the increased agitation and
anxiety states characteristic of MDD; Yang et al. 2010; Yang et al. 2018). In support of this, four
positron emission tomographic studies by Drevets et al. (1992) repeatedly confirmed that
amygdala activity is significantly increased in MDD patients; a finding corroborated by fMRI
neuroimaging studies performed by Matthews et al. (2008) and Fales et al. (2008). Furthermore,
elevated serum and plasma glutamate levels have been documented in many depressed patients,
with the extent of glutamate abnormalities correlating with ratings of anxiety (Altamura et al.
1995; Kim et al. 1982). These findings continue to implicate abnormal glutamate signaling in
MDD, but whether glutamate is hyperactive or hypoactive appears to vary between patients, or
even between brain areas within the same patient (Niciu et al. 2014; Sanacora et al. 2012).
Evidence of glutamatergic hyperactivity has fostered an alternative hypothesis that
ketamine exerts its antidepressant effects by decreasing excitation in brain regions whose activity
promotes depressive phenotypes, rather than increasing the activity of euthymic-related regions
(Riggs & Gould 2021). Indeed, Yang et al. (2018) reported that ketamine reduces NMDARmediated burst firing in the LHb, where excess activity is associated with behavioral despair and
anhedonia. In contrast with the NMDA disinhibition hypothesis, studies supporting NMDA
inhibition propose a model in which monoaminergic circuits are rapidly disinhibited by
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ketamine’s blocking of LHb activity (Yang et al. 2010; Yang et al. 2018; Riggs & Gould 2021).
The NMDA inhibition hypothesis is intuitive considering ketamine’s role as an NMDAR
antagonist. However, whether ketamine is truly inhibitory, disinhibitory, or some combination of
the two remains disputed.
There is also evidence that the endogenous opioid system (EOS) is in some way involved
in ketamine’s ability to inhibit hyperactivity within the LHb (e.g. Klein et al. 2020; Williams et
al. 2018; Heifits et al. 2021). For example, Klein et al. (2020) found that pretreatment with the µopioid receptor antagonist naltrexone abolished the ability of ketamine to reduce depressive LHb
phenotypes in rodents. However, activation of opioid receptors is not sufficient to mimic
ketamine-like effects, nor does ketamine mimic the hedonic effects of opioid agonists like
buprenorphine or methadone (Klein et al. 2020). This indicates that the opioid system does not
mediate the actions of ketamine, but rather plays some permissive role whose intricacies are
poorly understood. Their findings echo results in humans; studies by Williams et al. (2018, 2019)
also showed that naltrexone blocked the antidepressant effect of ketamine. The fact that ketamine
requires both NMDAR and opioid receptor signaling suggests that an interaction between these
systems may not only exist within the midbrain, but may also be necessary for ketamine’s
antidepressant action (Heifits et al. 2021; Williams et al. 2019).

Ketamine Metabolites Have Antidepressant Properties
As stated previously, ketamine is rapidly metabolized within several hours after
administration. Despite this, its antidepressant effects extend long after it is broken down,
persisting for days or even weeks. The metabolism of ketamine is performed extensively in the
liver via CYP2B6- and CYP3A4-mediated N-demethylation to norketamine (Zanos et al. 2018).
Norketamine then undergoes further catabolism to several hydroxynorketamine (HNK)
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stereoisomers and dehydronorketamine. Of these possible metabolites, (2R,6R)-HNK is the
major metabolite found in the plasma and brain of mice (Zanos et al. 2016), as well as the plasma
of humans (Zarate et al. 2012).
It has been speculated that (2R,6R)-HNK is active and may exert its own antidepressant
effects. This idea arose from pre-clinical observations by Zanos et al. (2016) showing that when
ketamine was chemically deuterated at the C6 position to prevent it from correctly metabolizing
into (2R,6R)-HNK, its antidepressant effects were abolished. This suggests that the metabolism
of ketamine into (2R,6R)-HNK could be necessary for its antidepressant action (Riggs & Gould
2021). Additionally, direct administration of both the (2S,6S)- or (2R,6R)-HNK enantiomers are
sufficient on their own to exert dose-dependent antidepressant actions loosely resemblant of
ketamine (Zanos et al. 2016; Pham et al. 2018).
To complicate things, this occurs even though (2R,6R)-HNK has no measurable binding
to, or functional effects on, the NMDAR at antidepressant dosages (Lumsden et al 2019;
Fukumoto et al. 2019; Zanos et al. 2016; Zanos et al. 2019a). However, (2R,6R)-HNK still seems
to somehow promote glutamatergic transmission (Pham et al. 2018, Riggs et al. 2020, Zanos et
al. 2016) and trigger an acute increase in BDNF release, which --as with ketamine itself-- is
required for it to exert its antidepressant effects (Fukumoto et al. 2019; Riggs & Gould 2021).
The way this is accomplished is unclear, though AMPARs have been strongly implicated (e.g.
Zanos et al. 2016). A somewhat controversial hypothesis built off these observations is that
NMDAR inhibition is not essential for the rapid antidepressant properties of ketamine. Rather,
they might emerge from a pathway contingent on its metabolism to (2R,6R)-HNK (Zanos &
Gould 2018). While it is possible that ketamine and its metabolites work synergistically, there
are plausible claims that NMDAR inhibition accounts for only the anesthetic properties of
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ketamine, with its antidepressant effects arising from some NMDA-independent mechanism that
has yet to be illuminated (Riggs & Gould 2021). Interestingly, (2R,6R)-HNK does not possess
the dissociative, euphoric, or psychotomimetic properties of its parent drug (Fukumoto et al.
2019). This lends further credibility to the idea that the anesthetic and antidepressant actions of
ketamine are mechanistically separable, with NMDAR antagonism primarily underlying the
former. The lack of abuse potential, combined with more tolerable side effects, has caused
(2R,6R)-HNK to be lauded by some as an antidepressant with equal, if not greater, potential than
ketamine (Pham et al. 2018).
The role of (2R,6R)-HNK in ketamine’s overall mechanism is further obfuscated by
continued disagreement about the source of its antidepressant efficacy. A meta-analysis by
Fukumoto and Duman (2021) details that (2R,6R)-HNK did not exert antidepressant-like
effects in chronic social defeat stress and lipopolysaccharide-induced models of depression,
although ketamine itself elicited robust antidepressive actions in those same animal models.
Additionally, a recent study by Hare et al. (2020) reported that (2R,6R)-HNK (even at strong
10 μM concentrations) did not bind orthosterically to, or have functional activity on, AMPARs.
If the amelioration of depressive states by (2R,6R)-HNK does involve AMPARs, their role
appears to be indirect (Hare et al. 2020). A contemporaneous study by Zanos et al. (2019) found
evidence that (2R,6R)-HNK might increase glutamate concentrations by inhibiting mGluR2
presynaptic autoreceptors, rather than postsynaptic AMPARs or NMDARs (Zanos et al. 2019).
If this is the case, the presynaptic disinhibition of glutamate release by (2R,6R)-HNK could
explain why the metabolite is also antidepressive, despite being substantially different in action
from its parent drug. Collectively, (2R,6R)-HNK has shown promising antidepressant effects
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in rodents, though recent research hints that the action of ketamine metabolites may be less
similar to ketamine than originally surmised (Fukumoto & Duman 2021).

Addressing the Unknown
The fact that ketamine’s exact antidepressant mechanism has eluded scientists for twenty
years is self-evident of its complexity. Multiple downstream targets from ketamine’s initial
NMDAR blockade have been identified, all of which are empirically validated and seem partially
sufficient to explain the drug’s effects. However, no singular pathway appears wholly
responsible. The proposed hypotheses discussed herein include: direct NMDAR inhibition and
consequent activity reduction in brain regions that promote depressive phenotypes, inhibition of
GABAergic interneuron NMDARs resulting in pyramidal neuron disinhibition, and the
metabolism of ketamine into the mGluR2 inhibitor (2R,6R)-HNK (Figure 2). These putative
ketamine mechanisms are not mutually exclusive and may complement each other, culminating
in the unique antidepressant effects of the drug. Indeed, a net result of all these processes is a
sustained potentiation of excitatory synapses in brain circuits involved in the maintenance of
mood and stress-reactivity (Zanos & Gould 2018). This potentiation may be sufficient to rescue
the stress-induced synaptic deficits that underlie depressive pathology.
There is a consensus from most pre-clinical research that AMPAR activity is required for
the antidepressant actions of ketamine. Increased glutamate release, either by interneuronmediated disinhibition or by (2R,6R)-HNK autoreceptor inhibition, activates pyramidal
AMPARs, which potentiates downstream neuroplasticity-related signaling pathways, including
those regulated by BDNF and mTORC1, to promote synaptic plasticity (Riggs & Gould 2021).
Alternatively, eEF2 inactivation as a result of NMDAR inhibition at rest may promote
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production of BDNF, causing AMPARs to be upregulated. Further research is needed to better
elucidate the technicalities of these pathways, as well as how they might work in tandem to exert
ketamine’s antidepressant actions. To this end, a hypothetical experiment will now be proposed
to help the scientific community gain further insight into ketamine’s mechanism. Its aim is to
assess whether isolated ketamine or (2R,6R)-HNK differ in their ability to ameliorate stressinduced depressive cellular phenotypes within the hippocampus of mice, compared to when they
are present in combination.
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Figure 2. Three thoroughly supported hypotheses for ketamine’s antidepressant mechanism of
action. These hypotheses are not mutually exclusive of one another and may occur
simultaneously.
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CHAPTER 4
Determining the Relative Contributions of (R,S)-6,6-dideuteroketamine and (2R,6R)hydroxynorketamine to Ketamine’s Antidepressant Mechanism

Purpose of the Study
It has been roughly twenty years since ketamine’s potential as a rapid-acting
antidepressant was properly recognized. During that time, the ability of ketamine to rescue
various plasticity-related deficits present in the depressed brain has become well documented
(Tornese et al. 2019; Murrough et al. 2017; Zanos & Gould 2018). Similarly, the active ketamine
metabolite (2R,6R)-HNK has become known to have its own antidepressant properties, the likes
of which may match or even exceed its parent drug according to some researchers (e.g. Pham et
al. 2018; Zanos et al. 2016). Both ketamine and (2R,6R)-HNK act primarily on glutamate
transmission-- their antidepressant actions occur in a manner that is fundamentally different from
currently prescribed monoaminergic antidepressants. Despite this, the specific mechanism
underlying ketamine and (2R,6R)-HNK action is not identical (Zanos et al. 2019a).
To reiterate, ketamine is a NMDAR antagonist that is believed to remedy depressive
symptoms mainly by increasing activity within brain regions that are known to be hypoactive in
depression (e.g. hippocampus). It likely does so by inhibiting GABAergic interneuron
NMDARs, leading to disinhibited excitatory transmission that promotes neuroprotective and
neuroplastic signaling pathways (Niciu et al. 2014; Li et al. 2010; Matveychuk et al. 2020). This
occurs in an AMPAR/BDNF/mTORC1-dependent manner (Yang et al. 2012; Yang et al. 2013).
Meanwhile, (2R,6R)-HNK also appears to upregulate glutamatergic signaling despite having no
direct action on NMDARs or AMPARs. Rather, it may antagonize presynaptic mGluR2/3
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autoreceptors, disinhibiting the tonic blockade of presynaptic glutamate release, thereby
enhancing glutamatergic concentrations in the synapse (Zanos et al. 2019). This results in an
indirect activation of AMPAR/BDNF/mTORC1-dependent plasticity pathways that overlap with
those affected by ketamine (Zanos et al. 2016; Zanos et al. 2019a).
Further evidence has suggested that the metabolism of ketamine to (2R,6R)-HNK is
functionally intertwined with ketamine’s antidepressant efficacy (Lumsden et al 2019; Fukumoto
et al. 2019; Li et al. 2010), and that conversion to (2R,6R)-HNK may even be required for any
meaningful antidepressant actions to occur (Zanos & Gould 2018). Since both ketamine and its
metabolite activate similar signaling pathways (albeit through different means), it is not agreed
upon whether the observed effects of ketamine administration are coming from ketamine itself or
from its metabolite. The totality of ketamine’s action in vivo likely involves both ketaminedependent and (2R,6R)-HNK-dependent components that occur in parallel, though the
proportional contributions of each chemical to the overall antidepressant outcome are difficult to
parse out. To date, there has been very little research done attempting to do so (Zanos et al.
2016). For this reason, the aim of this study is to assess whether ketamine or (2R,6R)-HNK in
isolation differ in their ability to ameliorate the stress-induced synaptic deficits associated with
MDD compared to when they are present in combination.
The study will begin by employing a CMS model on mice, followed by a characterization
of depression-like behavioral changes. All experimentation and analysis will be performed in a
manner blind to treatment assignments. The animals will then be randomly partitioned into one
of several possible drug treatments (Figure 3). Mice will be euthanized 6 hours after receiving
the drug treatments. Hippocampi will be extracted from each group, and several molecular
assays will be conducted to elucidate the effects of the antidepressant drug treatments on the
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synaptic changes induced by chronic stress. Analysis of all treatment groups will be
accomplished using one-way ANOVA tests, followed by Tukey’s post hoc multiple-comparisons
test. This test will denote any significant differences across treatment groups. Data will be
expressed as mean ± standard error of the mean, and analysis will be carried out using GraphPad
Prism6 (GraphPad Software, La Jolla, CA, USA) or R version 3.5.1 (R Foundation). In sum, this
collection of procedures will further illuminate the antidepressant actions of ketamine and
(2R,6R)-HNK in isolation, which may yield distinct results compared to when they act in
tandem. Given the difference in their mechanisms of action, it should be interesting to see
whether ketamine and (2R,6R)-HNK differ in their performance on the same behavioral and
molecular tests of antidepressant efficacy.

Materials and Methods
Subjects
Experiments will be performed in full accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and reported in accordance to
ARRIVE guidelines. Live mice will be used because intact neural circuits are necessary to assess
the in vivo neurobiological mechanisms underlying antidepressant efficacy.
A sample of 125 male Swiss-Webster mice aged 8-10 weeks old (Charles River
Laboratories, San Diego, CA) will be group housed in standard shoebox-style cages for 1 week
prior to the start of the experiment. Mice will be housed at 20–22 °C, with a 12 h light/dark cycle
(light on at 0700h) and food/water provided ad libitum, except when required for CMS. All
animals will be stress- and drug-naïve at the start of testing. Mice will be randomly assigned to
treatment groups in all experiments.
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Chronic Mild Stress Paradigm
To induce depressive phenotypes in rodents, the Chronic Mild Stress (CMS) model of
depression-like anhedonic behavior will be used. CMS is an empirically validated and common
procedure for mimicking clinical depression in animals (Hill et al. 2012). Exposure to CMS is
tied to altered performance on various behavioral assays and cognitive tests, both of which
indicate that MDD-like anhedonia and memory impairments have occurred (Tang et al. 2015;
Zhang et al. 2014). At a molecular level, the behavioral changes induced by CMS have been
explained through a sequential chain of events in the cortex and hippocampus involving: (a)
reductions in glutamatergic transmission; (b) decreased BDNF transcription and trafficking; (c)
reductions in BDNF/TrkB signaling pathway activation; (d) decreased translation of glutamate
receptors and dendritic spine proteins; (e) destabilized spine dynamics, dendritic atrophy, and
increased cell death (Tornese et al. 2019; Sanacora et al. 2012; Popoli et al. 2011; Mikulska et al.
2021).
The CMS paradigm for this experiment will consist of a 4-week rotation of mild stressors
administered daily. These will include restraint in a 50 ml tube for 6 hours, cage tilted for 45° for
24 hours, cage shaking at high speed (200 rpm) for 40 minutes, water deprivation for 24 hours,
food deprivation for 24 hours, soiled bedding (200 ml) for 20 hours and overnight illumination
(12 hours) (Strekalova et al. 2011. Mice will receive a stress daily with the order of the stressors
changing weekly, except that overnight illumination will be administrated twice a week, 3–4
days apart (Tang et al. 2015). Stress-naïve mice in the vehicle-only group will be housed under
normal conditions.
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Drug Treatments
Figure 1 illustrates the drug treatment group design to be used. 6,6-dideuteroketamine ((R,S)-d2KET) will be synthesized by deuterating the C6 position on ketamine, which prevents
metabolism to (2R,6R)-HNK while retaining the same NMDAR binding affinity, ensuring that
most of the observed antidepressant effects are attributable to ketamine alone, rather than
(2R,6R)-HNK (Zanos et al. 2016; Gant 2014). Meanwhile, direct administration of (2R,6R)HNK in the absence of ketamine will ensure the opposite. Administration of (R)-ketamine will
allow ketamine to metabolize to (2R,6R)-HNK at its normal rate, producing the combinatory
effects of both drugs that occurs in vivo. 0.9% saline administration will be used as the vehicle.
Similarly, a control group of stress-naïve mice will act as a performance baseline for behavioral
and molecular tests.

Figure 3. Experimental antidepressant drug and stress treatment groups. Illustrations of (R)ketamine and its modified chemical derivatives are included (BioModel)

As per Zanos et al. (2019), (R)-ketamine hydrochloride (#K2753) will be purchased from
Sigma-Aldrich (MO, USA). 6,6-dideuteroketamine hydrochloride ((R,S)-d2-KET) and (2R,6R)-
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HNK hydrochloride will be synthesized and characterized internally at the National Center for
Advancing Translational Sciences and at SRI International (Menlo Park, CA, USA). Absolute
and relative stereochemistry for (2R,6R)-HNK will be confirmed by small molecule x-ray
crystallography (Morris et al. 2017). All drugs will be dissolved in 0.9% saline and administered
via intraperitoneal injection in a volume of 7.5 ml/kg of body mass (Zanos et al. 2019). The
concentrations of (R)-ketamine, (R,S)-d2-ketamine, and HNK metabolites in plasma and brain
tissue will be determined by achiral liquid chromatography-tandem mass spectrometry following
the previously described methods of Moaddel et al. (2015).

Forced Swim Test (FST)
The FST is a valuable rodent behavioral test used for evaluation of antidepressant drugs,
antidepressant efficacy of new compounds, and experimental manipulations that are aimed at
rendering depressive-like states. Following the methods reported by Can et al. (2012), mice will
be subjected to a 6-min swim session in transparent Plexiglass cylinders (30 cm height × 20 cm
diameter) filled with 15 cm of water (23 ± 1°C). The FST will be performed under normal light
conditions. Sessions will be recorded using a digital video-camera. Immobility time, defined as
passive floating with no additional activity other than that necessary to keep the animal’s head
above the water, was scored for the last 4 min of the 6-min test by a trained observer.
Typically, depressed rodents exhibit longer immobility times (e.g. Can et al. 2012; Tang
et al. 2015). Changes in performance as a result of the drug treatments will be calculated by
normalization to the performance observed in the saline-treated control groups. Based on
relevant literature, it can be surmised that immobility times will increase in chronically stressed
mice compared to stress-naïve mice, and that (R)-ketamine will restore behavioral normalcy (e.g.
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Fitzgerald et al. 2019; Can et al. 2012; Tornese et al. 2019). However, it is not easy to predict
how the results will change when (R,S)-d2-ketamine and (2R,6R)-HNK are administered in
isolation.

Novelty-Suppressed Feeding Test (NSFT)
The NSFT is a rodent assay that models anxiety-like behaviors-- it was designed to assess the
anxiolytic and/or antidepressant effects of chronic antidepressant treatment (Bodnoff et al. 1988).
Following the procedure of Tang et al. (2015), the testing apparatus will consist of a plastic box
measuring 50 × 50 × 20 cm. At 18 hours prior to behavioral testing, all food will ne removed
from the rodent’s home cage to induce hunger. At the time of testing, a weighed single pellet of
normal food chow for mice will be placed on a white paper platform positioned in the center of
the plastic box. Each mouse will be placed in a corner of the box and allowed to explore for up to
10 minutes. Sessions will be recorded using a digital video-camera. The trial will be considered
‘over’ when the mouse chews a part of the chow. The amount of food consumed in the home
cage will be calculated as the weight of chow consumed in 10 minutes. The time elapsed before
mouse started to consume the food pellet was recorded as the latency.
Typically, anxious or depressed rodents will display longer latencies and consume less
food overall (Bodnoff 1988). Changes in performance as a result of the drug treatments will be
calculated by normalization to the performance observed in the saline-treated control groups.
Based on relevant literature, it can be surmised that latency times will increase in chronically
stressed mice compared to stress-naïve mice, and that (R)-ketamine will restore behavioral
normalcy (e.g. Bodnoff et al. 1988; Tang et al. 2015). However, it is not easy to predict how the
results will change when (R,S)-d2-ketamine and (2R,6R)-HNK are administered in isolation.
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Sucrose Preference Test (SPT)
The SPT is useful for modeling anhedonia in rodents (Liu et al. 2018). The SPT that will be
conducted blends the procedures of Liu et al. (2018) and Opal et al. (2014). Mice will be briefly
transferred to individual housing and exposed to a sucrose solution (1% in tap water) for
72 hours, followed by 18 hours of water deprivation and a 2 hour exposure to two identical
bottles, one filled with 1% sucrose solution and the other with tap water. The volumes of sucrose
solution and water will be measured for the 2-hour exposure. Sucrose preference will be defined
as the ratio of the volume of sucrose consumed versus total volume (sucrose + water) consumed
during the 2-hour test, normalized to each individual animals’ body weight.
Typically, rodents experiencing anhedonia will show a diminished preference for sucrose
compared to water, while healthy rodents will almost universally prefer sucrose (e.g. Liu et al.
2018). Changes in performance as a result of the drug treatments will be calculated by
normalization to the performance observed in the saline-treated control groups. Based on
relevant literature, it can be surmised that immobility times will increase in chronically stressed
mice compared to stress-naïve mice, and that (R)-ketamine will restore behavioral normalcy (e.g.
Kim & Johnston 2020; Tornese et al. 2019; Tang et al. 2015). However, it is not easy to predict
how the results will change when (R,S)-d2-ketamine and (2R,6R)-HNK are administered in
isolation.

In Situ Hybridization
The ISH assay is intended to measure the degree of BDNF mRNA trafficking into hippocampal
dendrites as a consequence of glutamatergic signaling. It will act as a representative measure of
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neurotrophin signaling. ISH will be performed using methods adapted from Colliva and
Tongiorgi (2021), as well as Colliva et al. (2018). Probe synthesis will follow the protocol
designed by Chiaruttini et al. (2009).
Hippocampal cells from 9 animals per treatment group (n = 9) will be fixed for
15 minutes at room temperature in 4% PFA in PBS, washed in PBS 0.1% Tween20 (Sigma), and
permeabilized in absolute ethanol for 15 min at − 20°C. After rehydration with increasing
concentration of PBST (50% ethanol/50% PBST, 30% ethanol/70% PBST, and finally PBST),
cells will be hybridized with approximately 50–100 ng/coverslip of antisense or sense probes for
a GFP or BDNF coding sequence. Before probe hybridization, coverslips will equilibrated at
55°C in hybridization buffer containing 20 mM Tris–HCl pH 7.5 (Sigma), 300 mM NaCl
(Sigma), 1 mM EDTA (Sigma), 0.5 mg/ml polyadenylic acid (Sigma), 0.5 mg/ml salmon sperm
(Labtek Eurobio), 1× Denhardt's solution, 100 mM Dithiothreitol (DTT, Sigma) and 50%
deionised formamide (Sigma). After 1 h, this hybridization buffer will be removed and replaced
with a hybridization mix (hybridization buffer + 10% dextran sulfate, Sigma) containing probes.
Coverslips will be incubated in this mixture overnight at 55°C. Then, the hybridization mix will
be removed, and the coverslips washed with 2× Sodium Saline Citrate (Sigma) buffer (150 mM
NaCl, 15 mM C6H5Na3O7) containing 0.1% Tween20 (SSCT 2×) and 50% formamide at 55°C
twice, then with SSCT 2× at 55°C once and finally in SSCT 0.1× at 60°C twice. Coverslips will
then be further incubated with PBST 5% fetal bovine serum (FBS; Euroclone) for 1 hour at room
temperature to minimize nonspecific binding of primary antibodies, then incubated with antidigoxigenin alkaline phosphatase-conjugated antibody (Roche) in PBST 5% FBS for 2 hour.
After washing with PBST to remove the excess of unbound antibody, hybridized probes will be
detected by developing an in situ signal with 70 mg/ml 4-nitroblue tetrazolium (NBT, Labtek
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Eurobio) and 50 mg/ml 5-bromo-4-chloro-3-indolyl-phosphate (BCIP, Sigma) in a buffer
solution containing 100 mM Tris–HCL pH 9.5, 50 mM MgCl2, 100 mM NaCl and 1 mM
Levamisole (Sigma). Image development will be carried out in a darkroom. The reaction will be
stopped by removing the developing buffer and replacing it with a stop solution containing
10 mM Tris–HCl pH 8.0 and 1 mM EDTA pH 8.0. Coverslips were washed with PBS and
deionized water and then mounted with Mowiol (Sigma).
Changes in the levels of BDNF mRNA trafficking as a result of the drug treatments will
be calculated by normalization to the levels observed in the saline treated control groups. Based
on relevant literature, it can be surmised that BDNF trafficking will be reduced in chronically
stressed mice compared to stress-naïve mice, and that (R)-ketamine will successfully rescue
these deficits (e.g. Tornese et al. 2019). However, it is not easy to predict how the results will
change when (R,S)-d2-ketamine and (2R,6R)-HNK are administered in isolation.

Western Blot Analysis
The Western blot assay is intended to quantify the levels of phosphor-mTOR within the
hippocampus. This will act as a representative measure for the activation of neuroprotective
signaling pathways by BDNF/TrkB. The procedure used will follow the designs of Zanos et al.
(2016), with minor modifications.
Synaptosomes will be purified from 8 mouse hippocampi per treatment group (n = 8)
through dissection and homogenization in Syn-PER Reagent (ThermoFisher Scientific,
Waltham, MA, USA; Cat # 87793) with a 1X protease and phosphatase inhibitor cocktail
(ThermoFisher Scientific, Waltham, MA, USA; Cat # 78440). The homogenate will be
centrifuged for 10 min at 1,200 × g at 4 °C. The supernatant will be centrifuged at 15,000 × g for

68

20 min at 4 °C. After centrifugation, the pellet (containing the synaptosomal fraction) will be resuspended and sonicated in N-PER Neuronal Protein Extraction Reagent (ThermoFisher
Scientific, Waltham, MA, USA; Cat # 87792). Protein concentration will be determined via a
BCA protein assay kit (ThermoFisher Scientific, Waltham, MA, USA; Cat # 23227). Equal
amount of proteins (10-40 μg as optimal for each antibody) for each sample will be loaded into
NuPage 4-12% Bis-Tris gel for electrophoresis; the gel transfer will be performed with the
TransBlot Turbo Transfer System (Bio-Rad, Hercules, CA, USA). Nitrocellulose membranes
with transferred proteins will be blocked with 5% milk in TBST (TBS + 0.1% Tween-20) for 1
hour and kept with primary antibodies overnight at 4 °C. The primary antibody for phosphomTOR (at Ser2448; Cell Signaling Technology, Danvers, MA, USA; Cat # 2971) and total
mTOR (Cell Signaling Technology, Danvers, MA, USA; Cat # 2983) will then be applied to the
sample.
The next day, blots will be washed three times in TBST and incubated with horseradish
peroxidase conjugated anti-mouse or anti-rabbit secondary antibody (1:5000 to 1:10000) for 1
hour. After final three washes with TBST, bands will be detected using enhanced
chemiluminescence (ECL) via a Syngene Imaging System (G:Box ChemiXX9). After imaging,
the blots will be incubated in the stripping buffer (ThermoFisher Scientific, Waltham, MA, USA;
Cat # 46430) for 10-15 min at room temperature followed by three washes in TBST. The
stripped blots will be incubated in blocking solution for 1 hour and incubated with the primary
antibody directed against total levels of the respective protein or GAPDH for loading control.
Densitometric analysis of phospho- and total immunoreactive bands for each protein will be
conducted using Syngene’s GenTools software.
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The values for the phosphorylated form of mTOR will be normalized to phosphorylationindependent levels of the same protein. Phosphorylation-independent levels of mTOR will be
normalized to GAPDH. Changes in the ratio of mTOR to phospho-mTOR as a result of the drug
treatments will be calculated by normalization to the ratios observed in saline-treated control
groups. Based on relevant literature, it can be surmised that mTOR phosphorylation will be
reduced in chronically stressed mice compared to stress-naïve mice, and that (R)-ketamine will
successfully rescue these deficits (e.g. Tornese et al. 2019; Zanos et al. 2016). However, it is not
easy to predict how the results will change when (R,S)-d2-ketamine and (2R,6R)-HNK are
administered in isolation.

Golgi Staining and Sholl Analysis
The Golgi staining and Sholl analysis assays are intended to visualize dendritic morphology and
dendritic arborization. All techniques that will be used follow the methods previously described
by Nava et al. (2017) and Tornese et al. (2019).
Immediately after sacrifice, hippocampi from 8 animals per treatment group (n = 8) will
be processed for Golgi staining using the Rapid Golgi Stain Kit (FD NeuroTechnologies, Inc.,
Columbia, MD, USA) (Nava et al., 2017). Hemispheres will be coronally sliced (200 μm) on a
VT1200S vibratome (Leica, Wetzlar, Germany). CA1 and CA3 areas of HPC will be identified
on a BX50 light microscope (Olympus, Tokyo, Japan) using newCAST software (Visiopharm,
Hørsholm, Denmark). Z-stacks (1 μm per Z-step size) of 5 CA1 or CA3 pyramidal neurons with
untruncated branches will be acquired using a × 60 oil objective. Collapsed Z-stacks will be
imported into Bitplane Imaris software (version 7.7.1, Andor Technology Ltd, Belfast, Northern
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Ireland), and dendrites will be reconstructed using the FilamentTracer function. Dendrite length
and branching, as well as Sholl analysis will be assessed.
Changes in dendritic length and arborization as a result of the drug treatments will be
calculated by normalization to the results observed in saline-treated control groups. Based on
relevant literature, it can be surmised that dendritic branching will diminish, and that dendrites
themselves will deteriorate, in chronically stressed mice compared to stress-naïve mice. (R)ketamine should successfully rescue these morphological changes (e.g. Tornese et al. 2019; Tang
et al. 2015; Suarez-Santiago et al. 2020). However, it is not easy to predict how the results will
change when (R,S)-d2-ketamine and (2R,6R)-HNK are administered in isolation.
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CHAPTER 5
Summary, Concluding Remarks, and Future Directions for Research

Summary
Chapter 1 lays out why Major Depressive Disorder (MDD) is an important topic of study,
as well as how our understanding of the disorder has evolved through time. Depression is a
highly debilitating and common mental illness that straddles all genders, ages, nationalities, and
walks of life. Those affected are burdened by a constellation of symptoms centering around
uncontrollably negative mood states, accompanied by marked anhedonia, sleep and appetite
disturbances, social dysfunctionality, and suicidal ideation. MDD develops from a complex
interplay of genetic predispositions and environmental risk factors that vary strongly between
patients-- this makes prevention of the disorder difficult. In addition to its emotional impacts, the
financial impacts of depression are immense and only continue to grow with each passing year.
The treatment of MDD is therefore among the most urgent clinical issues faced by humankind
today.
Depression therapeutics were basically nonexistent when the antidepressant properties of
iproniazid were serendipitously discovered in the 1950s. The ensuing realization that the
affective symptoms of MDD can be managed by restoring deficits of monoamine signaling led
further drug development efforts to focus almost exclusively on this mechanism. Since then, it
has become obvious that monoaminergic drugs are suboptimal in their efficacy and latency of
therapeutic action. Roughly 30% of patients experience little to no benefit, and those who do
benefit must tolerate side effect profiles severe enough to cause high rates of treatment
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discontinuation (Riggs & Gould 2021). Despite these drawbacks, monoaminergic antidepressants
remain the only MDD therapeutics in mainstream distribution today. The SSRIs and SNRIs
prescribed en masse are well-suited to the functions they perform. Yet they are still not enough.
This, of course, suggests that the drugs are not to blame, but rather that our understanding of
depression’s etiology, pathophysiology, and clinical manifestation is incomplete (Duman &
Monteggia 2006). In recent years, widespread acceptance of the monoamine hypothesis’s
inadequacy has galvanized the search for new ways with which the pathology can be described.
Thankfully, great strides have been made that have shifted our understanding of what depression
is.
Chapter 2 describes how modern explanations of MDD characterize it as a multifaceted
disorder precipitated by chronic stress; the monoamine reductions emphasized previously are but
one pathological component of a bigger picture. Hyperactive HPA axis signaling leads to
dysfunctional neurotransmission, particularly in regard to glutamate, which acts as the primary
excitatory mediator within brain circuits that are crucial for mood regulation (Murrough et al.
2017). Glutamatergic signaling is also the basis for nearly all mechanisms of synaptic plasticity.
The glutamate reductions induced by chronic stress lead to a concatenation of adverse cellular
changes including: (a) decreased BDNF transcription and trafficking; (b) decreased recruitment
of BDNF/TrkB and downstream effectors like mTORC1; (c) decreased translation of glutamate
receptors and dendritic spine proteins; (e) reduced glutamate receptor availability, dendritic
atrophy, destabilized spine dynamics, increased neuronal and glial death; (f) neurotransmitter
deficiencies and impaired synaptogenesis (Duman et al. 2016; Musazzi et al. 2013; Niciu et al.
2014; Sanacora et al. 2013; Tornese et al. 2019). Behaviorally, these maladaptive structural
changes may underlie the affective and cognitive symptoms of MDD.
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Thankfully, the glutamatergic model for depression provides ample molecular targets for
novel treatment methods. The ‘poster child’ of drugs that have emerged to act on this system is
ketamine. Through non-competitive NMDAR inhibition at select synapses, ketamine has
consistently demonstrated robust, sustained, and rapid antidepressant effects on a supermajority
of MDD patients, even those who are considered resistant to traditional antidepressants. The
implications of this are immense. Ketamine’s ability to rapidly ameliorate suicidal ideation and
anhedonia contrasts starkly with the delayed onset of currently approved antidepressants
(Matveychuk et al. 2020). This is particularly important for severely depressed patients, where a
lag in the onset of antidepressant action has been associated with increased risk for suicidal
behavior (Duman et al. 2016).
However, even though ketamine’s rapid antidepressant properties have been
acknowledged within the scientific community for several decades, ketamine has yet to receive
any widespread distribution or large-scale funding efforts. To date, intranasal (S)-ketamine is the
only one of these compounds to receive FDA approval for treatment-resistant MDD with
concomitant administration of at least one traditional antidepressant (Zheng et al. 2020). The
skepticism surrounding ketamine’s viability as a mainstream antidepressant stems from its welldocumented abuse potential, as well as its dissociative, anesthetic, and psychomimetic properties
at doses beyond those used for the treatment of MDD. Furthermore, a glaring lack of consensus
surrounding ketamine’s mechanism of action has stymied efforts to upscale its distribution. This
situation is unlikely to change until there is more clarity about how ketamine achieves its rapid
antidepressant effects.
The goal of Chapter 3 was to assess various putative mechanisms for ketamine’s
antidepressant action and identify the limits of our understanding. The most empirically
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validated hypotheses in the current literature include: (a) direct NMDAR inhibition and
consequent activity reduction in brain regions that promote depressive phenotypes; (b) inhibition
of GABAergic interneuron NMDARs resulting in pyramidal neuron disinhibition; (c)
metabolism of ketamine into the mGluR2 inhibitor (2R,6R)-HNK. These putative ketamine
mechanisms are not mutually exclusive and may act synergistically, culminating in the unique
antidepressant properties of the drug (Riggs & Gould 2021). The net result of all these processes
is a sustained potentiation of excitatory synapses in brain circuits involved in the maintenance of
mood and stress-reactivity (Zanos & Gould 2018), which may be sufficient to rescue the stressinduced synaptic deficits that underlie depressive pathology (e.g. Tornese et al. 2019).
Based on the mechanisms laid out in Chapter 3, the goal of Chapter 4 was to propose a
study that will further investigate a poorly characterized aspect of ketamine’s action. The study
described herein aims to parse out the relative contributions of ketamine and (2R,6R)-HNK in
ketamine’s overall mechanism of action, for ketamine and (2R,6R)-HNK work in parallel after
ketamine is administered in vivo. To do this, the CMS model will be used to induce depressive
phenotypes in mouse models, after which the mice will be treated with either: (a) unaltered (R)ketamine that readily metabolizes into (2R,6R)-HNK; (b) 6,6-dideuteroketamine that is unable to
metabolize to (2R,6R)-HNK; (c) (2R,6R)-HNK in the absence of ketamine; (d) a saline vehicle
to act as a control. To analyze the antidepressant efficacy of each drug, CMS-induced anhedonia,
despair, and anxiety-like behaviors will be measured using a sucrose preference test, forced
swim test, and novelty-suppressed feeding test, respectively. Behavioral analysis will be
reinforced by molecular evidence measuring BDNF mRNA trafficking, mTOR phosphorylation,
and dendritic arborization in hippocampal dendrites. This collection of procedures will further
illuminate the antidepressant effects of both ketamine and (2R,6R)-HNK in isolation, which may
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differ compared to when they act in tandem. Since (2R,6R)-HNK does not possess dissociative
properties and has limited abuse potential, it may have higher potential for widespread
distribution if it can be demonstrated to perform comparably to (R)-ketamine.

Limitations
If the mechanism underlying ketamine’s antidepressant properties was simple it would
have already been ascertained decades ago. Ketamine has multiple empirically verified targets
that exist downstream of its NDMAR inhibition, some of which are themselves inhibitory, while
others are disinhibitory (e.g. Yang et al. 2018; Yamada & Jinno 2019; Murrough et al. 2017).
Combined with the observed heterogeneity in results between MDD patients, the action of
ketamine within the brain is undoubtedly complex. However, slow progress may also be
attributable to the fact that our overall understanding of MDD’s pathophysiology is still
incomplete, and the methods available for broadening that understanding are limited (Duman &
Monteggia 2006). In most research contexts, genetic, pharmacological, environmental, and
circuit-level manipulations are used to induce behavioral states in model organisms that are
believed to reflect depressive phenotypes in humans (e.g. Can et al. 2012; Fitzgerald et al. 2019;
Tang et al. 2015; Liu et al. 2018). Our predictions about whether a compound has antidepressant
potential depend almost entirely on the robustness of these behavioral outputs (Riggs & Gould
2021). Unfortunately, though, the sheer complexity of the human mental illnesses that we use
preclinical approaches to make inferences about may not be so easily reducible (Zanos & Gould
2018). Given that basic scientific insights have largely failed to produce novel compounds that
are universally successful in late-stage clinical trials, it is worth considering whether animal
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models and preclinical depression-related assays lack the translational power to properly test the
veracity of mechanistic hypotheses (Duman et al. 2016; Riggs & Gould 2021).
To this end, mechanisms identified preclinically should be subjected to rigorous tests of
their underlying assumptions before studies on humans can legitimately be used to verify the
clinical relevance of those hypotheses in depressed patients. Since the success of clinical trials
fundamentally relies on the precision of preclinical studies, further improvements of preclinical
assays are needed to ensure that research findings will hold water in clinical settings. An
example of this in the context of ketamine is the role of mTORC1, which is considered by many
to be an essential component in the synaptogenic pathway that confers ketamine with its unique
antidepressant properties (e.g. Duman et al. 2019; Zanos et al. 2016; Dwyer et al. 2012; Harraz et
al. 2016). This conclusion is drawn partly from preclinical observations that the mTOR inhibitor
rapamycin blocks the antidepressant effects of ketamine when infused directly into the rat mPFC
(Li et al. 2010). However, contrary to what preclinical studies have predicted, Abdallah et al.
(2020) recently reported that peripheral administration of rapamycin prolongs the antidepressant
effects of ketamine in depressed patients. Autry et al. (2011) also reported that systemic
rapamycin administration failed to block the antidepressant effects of ketamine. While it is
interesting to wonder whether these results are due to a poorly characterized interaction between
ketamine and immune function in depressed patients (rapamycin is used as an
immunosuppressant), discrepancies such as these highlight the inherent challenge of translating
scientific discoveries from the lab into the clinic.

Future Research Directions
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Without question, the discovery that ketamine possesses robust, rapid, and sustained
antidepressant properties is one of the greatest advances in psychiatry of the last fifty years.
Ketamine has paved the way for significant theoretical, scientific, and clinical progress regarding
the treatment of MDD, which has been long overdue (Duman 2018; Krystal et al. 2019). Central
to ketamine’s antidepressant mechanism of action is the finding that it fundamentally exerts its
antidepressant effects by enhancing excitatory glutamatergic transmission at select synapses,
which initiates synaptogenic processes that restore the integrity of neural circuits compromised
by stress-induced depression (Murrough et al. 2017; Riggs & Gould 2021; Krystal et al. 2019).
However, as stated previously, the utility of ketamine for psychiatric indications is limited by its
dose-dependent dissociative and psychotomimetic properties, which confer it with noteworthy
abuse potential (Krystal et al. 2013). A better understanding of the demographic, clinical, and
neurobiological predictors of drug abuse will foster a safer, more targeted usage of ketamine in
the future. Furthermore, while ketamine is already known to possess a relatively modest side
effect profile in the short term (Duman 2018), more longitudinal research is needed to ascertain
long-term risks associated with ketamine use; these may affect its viability as a mainstream
antidepressant.
It remains unclear why other NMDAR antagonists like MK-801 lack antidepressant
properties when juxtaposed with ketamine, which calls the role of NMDAR inhibition into
question (Gould et al. 2019; Newport et al. 2015; Lener et al. 2017). Future research should aim
to solidify the cellular and synaptic processes that are crucial to ketamine’s antidepressant
actions. These identified processes must be translationally robust and empirically sound, as a
higher burden of proof will be needed for ketamine to overcome the obstacles that have thus far
prevented it from receiving widespread distribution (Riggs & Gould 2021). There are several
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preclinically validated targets beyond NMDAR inhibition that provide hope for the development
of novel rapid-acting antidepressant drugs (Mikulska et al. 2021). As discussed previously, the
active ketamine metabolite (2R,6R)-HNK is reported to possess NMDAR- and AMPARindependent antidepressant properties without the euphoric and dissociative properties of
ketamine (Zanos et al. 2016; Zanos et al. 2019a). Future research should place a heavier
emphasis on this compound. If (2R,6R)-HNK can demonstrate antidepressant actions that are
comparable to ketamine, its superior pharmacological and toxicological profile could potentially
render its parent drug obsolete (Zanos et al. 2019).
Following the promising findings with ketamine, a plethora of preclinical and clinical
studies have assessed alternative, putative rapid-acting antidepressant medications that attempt to
remedy synaptic deficits induced by chronic stress. These include, but are not limited to: (a)
subunit-specific NMDAR antagonists (e.g. MK-0657); (b) muscarinic acetylcholine receptor
(mAChR) antagonists (e.g. scopolamine); (c) group II metabotropic glutamate receptor
(mGluR2/3) antagonists beyond (2R,6R)-HNK (e.g. LY341495); (d) NMDAR glycine binding
modulators (e.g. GLYX-13); (e) positive and negative allosteric modulators of GABAA receptors
(brexanolone); (f) serotonin 2C (5-HT2C) receptor antagonists (e.g. promazine); (g) excitatory
amino acid transporter 2 (EAAT2) enhancers (riluzole); (h) low trapping NMDA channel
blockers (e.g. lanicemine) (Sanacora et al. 2013; Sanacora & Banasr 2012; Riggs & Gould 2021;
Fasipe et al. 2020; Krystal et al. 2013; Ibrahim et al. 2012; Matveychuk et al. 2020). While none
of these compounds appear to have usurped ketamine in terms of antidepressant potential, some
have shown efficacy in several animal assays predictive of rapid-acting antidepressant actions.
Still, immense volumes of further research are needed to determine if any of these compounds
can achieve similar antidepressant effects to ketamine without dissociative properties and abuse
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potential. Hopefully, an improved understanding of depression pathophysiology will help to
support the development of more precise, mechanistically accurate treatments for MDD in the
decades ahead.

Conclusion
The improvement of treatment options for MDD is of extremely high clinical and societal
priority. Glutamatergic drugs like ketamine have spearheaded a new generation of
antidepressants that act beyond monoamines to ameliorate maladaptive cellular changes induced
by chronic stress. These novel antidepressants show great promise and appear capable of
addressing many shortcomings of those currently administered. However, widespread
distribution of ketamine is impossible until a consensus is reached surrounding its antidepressant
mechanism of action. The goal of this paper was to lay out putative mechanisms within the
literature and propose a study that will help advance our understanding. A great deal of future
research is needed to hone our knowledge of ketamine’s behavior within the brain and body. In
time, the prescription of ketamine, and/or drugs that act in a similar manner to it may replace
SSRIs as the most common pharmacological strategies for MDD.
Evidently, though, we are still far from finding any sort of universally effective treatment
for depression. Despite great advances in recent years, MDD remains among the most severe
psychiatric disorders, associated with a chronic relapsing course and marked functional
impairment in the majority of patients. It is an unrelenting illness that saps away the pleasure
from even the most gratifying parts of life, leading to profound misery. There is more imperative
now than ever for the scientific community to uncover newer and better treatment strategies, so
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that our progeny may one day look back at major depressive disorder as a harrowing bygone of
past generations.
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